INTUSSUSCEPTION AMONG INFANTS GIVEN AN ORAL ROTAVIRUS VACCINE
Background Intussusception is a form of intestinal obstruction in which a segment of the bowel prolapses into a more distal segment. Our investigation began on May 27, 1999, after nine cases of infants who had intussusception after receiving the tetravalent rhesus-human reassortant rotavirus vaccine (RRV-TV) were reported to the Vaccine Adverse Event Reporting System.
Methods
In 19 states, we assessed the potential association between RRV-TV and intussusception among infants at least 1 but less than 12 months old.
Infants hospitalized between November 1, 1998, and June 30, 1999 , were identified by systematic reviews of medical and radiologic records. Each infant with intussusception was matched according to age with four healthy control infants who had been born at the same hospital as the infant with intussusception. Information on vaccinations was verified by the provider.
Results Data were analyzed for 429 infants with intussusception and 1763 matched controls in a casecontrol analysis as well as for 432 infants with intussusception in a case-series analysis. Seventy-four of the 429 infants with intussusception (17.2 percent) and 226 of the 1763 controls (12.8 percent) had received RRV-TV (P=0.02). An increased risk of intussusception 3 to 14 days after the first dose of RRV-TV was found in the case-control analysis (adjusted odds ratio, 21.7; 95 percent confidence interval, 9.6 to 48.9). In the caseseries analysis, the incidence-rate ratio was 29.4 (95 percent confidence interval, 16.1 to 53.6) for days 3 through 14 after a first dose. There was also an increase in the risk of intussusception after the second dose of the vaccine, but it was smaller than the increase in risk after the first dose. Assuming full implementation of a national program of vaccination with RRV-TV, we estimated that 1 case of intussusception attributable to the vaccine would occur for every 4670 to 9474 infants vaccinated.
OTAVIRUS causes severe gastroenteritis and affects most infants in the United States. There are an estimated 3.5 million cases annually among children less than five years of age in this country, leading to 500,000 office visits, 50,000 hospitalizations, and approximately 20 deaths. 1 The morbidity and mortality associated with rotavirus infection are much greater in developing countries. 2 In prelicensing trials in the United States, the tetravalent rhesus-human reassortant rotavirus vaccine (RRV-TV; RotaShield, Wyeth Lederle Vaccines, Philadelphia) was 80 percent or more effective in preventing severe rotavirus gastroenteritis in infants. [3] [4] [5] Although side effects (fever, irritability, decreased appetite, and abdominal cramping) were more common among recipients of RRV-TV three to five days after the first dose than among recipients of placebo, the vaccine was generally well tolerated. 6 In 27 prelicensing trials of candidate rotavirus vaccines, 5 cases of intussusception, a rare form of bowel obstruction in which a portion of the bowel prolapses into a more distal portion, were reported among 10,054 infants who received the vaccine (0.05 percent), as compared with 1 case among 4633 recipients of placebo (0.02 percent, P>0.45). 7 On August 31, 1998, the Food and Drug Administration approved RRV-TV, which was recommended for use at two, four, and six months of age. 4, 8 Intussusception was listed as a possible adverse reaction in the manufacturer's product insert and in the published recommendations of the Advisory Committee on Immunization Practices of the Centers for Disease Control and Prevention (CDC) and the American Academy of Pediatrics. 4, 8 In October 1998, distribution of RRV-TV began. Between this time and May 27, 1999, the Vaccine Adverse Event Reporting System received nine reports of intussusception among infants given RRV-TV, as compared with only four reports overall in the seven years before the introduction of this vaccine. This information prompted the temporary suspension of vaccination against rotavirus and the initiation of a case-control investigation to evaluate the potential association between the vaccine and intussusception. 9, 10 We report here the results of that case-control investigation.
METHODS
The investigation was carried out in the 19 states (California, Georgia, Illinois, Indiana, Maryland, Michigan, Minnesota, Missouri, Nebraska, New Jersey, New York, North Carolina, Ohio, Pennsylvania, South Carolina, Tennessee, Texas, Virginia, and Wisconsin) where 80 percent of the RRV-TV had been distributed, according to the manufacturer. Because the investigation was initiated in response to a public health emergency, it did not require review by an institutional review board at the CDC. Nevertheless, all safeguards for the protection of subjects and the preservation of confidentiality were observed, and oral informed consent was obtained from the parents or guardians of all the infants.
Infants with Intussusception
To select infants with intussusception for the study, we ranked hospitals in the 19 states according to the number of discharge diagnoses of intussusception during the three years before the study period. Hospitals accounting for approximately 75 percent of these discharge diagnoses were selected to provide cases for the study. Infants were eligible for the study if they had been hospitalized with intussusception during the study period (November 1, 1998, to June 30, 1999) , if they were at least 1 but less than 12 months old at the time of hospitalization, and if the diagnosis had been confirmed by a radiologic procedure, at surgery, or at autopsy. Infants were excluded if the family did not reside in the United States. To preserve the independence of the results, we also excluded infants who were members of the Northern California Kaiser Permanente Medical Group, in which postlicensure surveillance was being conducted for adverse events after vaccination with RRV-TV. 9 
Controls
Controls were infants born in the same hospital in which the infants with intussusception had been born, with whom they were matched according to age. By matching according to birth hospital and age, we were able to adjust for age, season, and variations in the use of RRV-TV among the different counties and states in the study. A list of infants born on the same day as a given infant with intussusception was generated, and the infants were ranked randomly. Priority for enrollment was then given to the first four infants on the ranked list. If four controls were not available from the first list, additional controls were obtained by generating a randomly ranked list of infants born the day before or the day after the infant with intussusception; this procedure was repeated, if necessary, for a maximum of seven days before or after the birth of the infant with intussusception. Controls were not eligible for the study if they were adopted, had been hospitalized since birth, were the second-born of a pair of twins, or had died or if their parents or guardians did not live in the United States.
Data Collection
Information on each episode of intussusception was abstracted from hospital records. For all the infants, the parents or guardians provided the following information: demographic characteristics, the number of children in the household, the infant's medical and vaccination history, contact information for medical and vaccine providers, type of child care, type of milk used for feeding, and age at the first feeding with solid food other than cereal. For questions regarding the time of events such as vaccination, the reference date was the date of hospitalization (for infants with intussusception) or the date on which the matched control was the same age as the infant with intussusception at the time of hospitalization (for controls). For all infants, the medical providers were interviewed to obtain information on conditions associated with intussusception and on symptoms of illness at visits within two weeks before the reference date and to obtain information regarding all vaccinations, including the date, type, manufacturer, and lot number of each dose. Records of hepatitis B vaccinations at birth hospitals were not sought, and thus results for hepatitis B vaccination are not presented.
Statistical Analysis

Case-Control Analysis
We used univariate and conditional logistic-regression models to estimate the matched odds ratios for intussusception during predefined risk periods within the first 21 days after vaccination (0 to 2, 3 to 14, 3 to 7, 8 to 14, and 15 to 21 days after vaccination). 11 In the univariate analyses, variables that differed between the infants with intussusception and the controls at a significance level of P«0.2 were considered potential confounders and were assessed in the models. Variables that affected the odds ratios for intussusception by approximately 10 percent or more when removed from the analyses were included in the final model.
To determine whether classification of the infants into subgroups according to age or other variables modified the risk of intussusception among infants who received the rotavirus vaccine, we calculated separate odds ratios for each such subgroup (e.g., age subgroups of 1 to 3 months and of 4 to 11 months). Other variables examined in this way were sex, race or ethnic group, type of milk or formula used for feeding, age at the first feeding with solid food, time of administration of a live attenuated poliovirus vaccine (concurrent with or subsequent to the rotavirus vaccine), time of administration of other vaccines, type of child care, number of children in the household younger than five years of age, lot number of each dose of vaccine, gestational age at birth (premature or term), and birth weight (low or normal).
Case-Series Analysis
In the case-series analysis, we examined whether most cases of intussusception occurred shortly after vaccination with RRV-TV or whether they were distributed more uniformly through time. We used a conditional Poisson regression model to estimate the incidence-rate ratios within the predefined risk periods after vaccination, with adjustment for age. Infants with intussusception functioned as their own controls, with implicit adjustment for unrecognized confounders. 12 Unvaccinated infants with intussusception were included in the model to adjust for changes in the background incidence of intussusception according to age (in months).
Attributable Fraction
We developed a model to estimate the number of cases of intussusception that would be attributable to RRV-TV, in excess of the background number of cases, if a national program of vaccination were fully implemented. The model assumed a cohort of 3.8 million infants and a 90 percent rate of vaccination with RRV-TV. The ages at which each dose was given were taken from populationbased estimates of ages for the primary series of vaccines (diphtheria, tetanus, and whole-cell pertussis or diphtheria, tetanus, and acellular pertussis [Klevens M, CDC: unpublished data]), which were recommended for infants of the same ages as those for the RRV-TV vaccine.
The background incidence rates of intussusception according to month of age were derived from data on cases with a confirmed diagnosis recorded by the Vaccine Safety Datalink project from 1991 to 1997. 13 The annualized incidence of intussusception in this data base was 34.2 cases per 100,000 child-years. The adjusted odds ratios derived from the case-control analysis and the incidence-rate ratios derived from the case-series analysis were used to predict the number of cases in excess of the background number that resulted from the administration of RRV-TV during the 21-day period after each dose.
RESULTS
Of 446 eligible infants with intussusception, 429 were included in the case-control analysis. The other 17 infants with intussusception were excluded because information from the parents (13 infants) or medical providers (1 infant) was incomplete or because controls were unavailable (3 infants). Ninety-four percent of the infants with intussusception were matched with at least 4 controls, and a total of 1763 controls had sufficient information for analysis. Seventy-nine percent of the controls who were randomly ranked from 1 to 4 were enrolled. Data from all the controls were included in the results; the results were essentially unchanged when the analyses were restricted to the controls ranked from 1 to 4.
The infants with intussusception and the controls differed significantly with respect to some characteristics. A higher proportion of the infants with intussusception were male and were Hispanic or black. The mother's level of education was lower among these infants; they more often had Medicaid health coverage, and they less often had started consuming solid food before the reference date (Table 1) . Seventy-four of the 429 infants with intussusception (17.2 percent) and 226 of the 1763 controls (12.8 percent) received RRV-TV during the study period (P=0.02). Infants with intussusception and controls who were at least four months old by the end of the study pe-*Odds ratios have been adjusted for the matching variables (age and the hospital where the infant was born). CI denotes confidence interval. Because of rounding, not all percentages total 100. P values are for the comparison with the reference group. †Infants in this category served as the reference group. ‡Data were available for 412 infants with intussusception and 1748 controls. §Data were available for 410 infants with intussusception and 1735 controls. ¶Data were available for 413 infants with intussusception and 1744 controls. ¿Data were available for 417 infants with intussusception and 1758 controls. Variables used to adjust the odds ratios were related both to the risk of intussusception (Table 1) and to vaccination with RRV-TV. Variables that were related to vaccination with RRV-TV were examined among the controls. When compared with controls who did not receive RRV-TV, controls who received RRV-TV were more often white (73.8 percent vs. 51.2 percent), more often had private health insurance (82.1 percent vs. 63.6 percent), and more often received inactivated poliovirus vaccine rather than live attenuated poliovirus vaccine (88.2 percent vs. 73.7 percent), and their mothers' level of education was higher (at least college graduation, 44.9 percent vs. 25.6 percent) (P«0.001 for all comparisons).
Of the 74 infants who had intussusception and who had received RRV-TV, 67 had intussusception after the first, second, or third dose. Most of these 67 cases of intussusception occurred shortly after vaccination (Fig. 1) . None of the infants with intussusception were hospitalized within two days after vaccination. The clustering of cases was most prominent 3 to 14 days after the first dose (43 cases) and 3 to Intussusception occurred before the first dose of RRV-TV in seven infants. In 52 infants, intussusception occurred at some time after the first dose of RRV-TV but before any subsequent dose; after intussusception, 27 of these 52 infants (52 percent) received one or two additional doses of RRV-TV. In 11 infants, intussusception occurred after the second dose; 4 of them (36 percent) received a subsequent dose of RRV-TV. In four other infants, intussusception occurred after the third dose of RRV-TV. Each infant is shown only once. The New England Journal of Medicine 14 days after the second dose (9 cases). One infant was hospitalized with intussusception 3 to 14 days after the third dose. Fourteen cases of intussusception occurred more than 14 days after the first, second, or third dose. The risk of intussusception was greatest among infants who were ever vaccinated with RRV-TV and for 3 to 14 days after vaccination (Table 2 ). Three to 14 days after vaccination with RRV-TV, the adjusted odds ratio was 10.6 (95 percent confidence interval, 5.7 to 19.6). Three to 14 days after the first dose, the odds ratio was 21.7 (95 percent confidence interval, 9.6 to 48.9), and 3 to 14 days after the second dose, it was 3.3 (95 percent confidence interval, 1.1 to 9.8) ( Table 2 ). Table 3 shows the corresponding incidence-rate ratios estimated from the caseseries analysis of 432 infants with intussusception who had sufficient data for analysis.
We found no evidence that age or other variables, except for feeding with breast milk, modified the risk of intussusception among infants given RRV-TV. The risk of intussusception three to seven days after the first dose of RRV-TV was lower among infants fed breast milk (adjusted odds ratio, 10.7; 95 percent confidence interval, 1.4 to 78.7) than among other vaccinated infants (adjusted odds ratio, 43.3; 95 percent confidence interval, 12.7 to 148.1). However, the difference between these two estimates was not statistically significant (P=0.22).
Infants with intussusception who had received the first or second dose of RRV-TV 14 or fewer days before the onset of this condition were younger than other infants with intussusception (mean age at the time of hospitalization, 4.1 vs. 6.4 months, P<0.001; range, 2.0 to 7.0 vs. 1.0 to 11.0 months) (Fig. 2) *CI denotes confidence interval. †The risk period is an interval of time before the reference date. The reference date is the date of hospitalization (for infants with intussusception) or the date on which the matched control was the same age as the infant with intussusception at the time of hospitalization (for controls). The risk period that serves as a referent for the odds ratios pertains to infants who were never vaccinated or who were vaccinated with RRV-TV but not during the overall 21-day risk period for any dose. ‡Odds ratios have been adjusted for the matching variables (age and the hospital where the infant was born). Odds ratios for the third dose were not significant. §Adjusted odds ratios have been adjusted for sex, race, mother's level of education, type of health insurance, type of milk or formula used for feeding, and time of first intake of solid food (in addition to the matching variables) and were calculated for the 382 infants with intussusception and the 1657 controls for whom complete data were available. ¶Because the amount of observation time before the reference date varied, these odds ratios were calculated for an average risk period of 3.7 months. No deaths occurred among the infants with intussusception who had received RRV-TV during the preceding 14 days; one death occurred among the other infants with intussusception. The frequency of recurrent intussusception and of serious or chronic health problems did not vary between these recently vaccinated infants and the other infants with intussusception. We estimated that 1291 background cases of intussusception would occur annually in the absence of RRV-TV vaccination. According to the results of our adjusted case-control analysis, if a national program of vaccination with RRV-TV were fully implemented, 361 cases of intussusception attributable to RRV-TV would occur in addition to the 1291 background cases, for an increase of 28.0 percent. According to the results of our case-series analysis, 732 additional cases attributable to intussusception would occur, for an increase of 56.7 percent. The number of infants who would be vaccinated for each case of intussusception that was attributable to RRV-TV would be 9474 according to the case-control results and 4670 according to the case-series results.
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DISCUSSION
This study provides evidence of a causal association between RRV-TV and intussusception. 14 The association was strong, temporal, and specific. The findings were consistent with the results of a retrospective cohort study of 10 managed-care organizations 15 and *Data are from a series of 432 cases with sufficient information for analysis. †Incidence-rate ratios have been adjusted for age (in months) with use of conditional Poisson regression. Incidence-rate ratios are defined as the incidence rate of intussusception within each risk period divided by a referent incidence rate of intussusception that is outside all the risk periods. The reference incidence rates or denominators of these ratios were based on 375 cases of intussusception during 2846 child-months of follow-up, which excluded the 3-to-21-day risk periods for the first, second, and third doses. Person-time during the first two days after vaccination was excluded from the analysis. Incidencerate ratios for the third dose were not significant. CI denotes confidence interval. 16 The size of the odds ratio varied according to dose (first, second, or third) and according to the length of time after vaccination. In the case-control analysis, most of the adjusted odds ratios were higher than the unadjusted odds ratios, indicating the presence of confounding. In the caseseries analyses, adjustment for confounding factors was more complete than in the case-control analysis, and the incidence-rate ratios obtained were higher than the adjusted odds ratios. We found no factor that modified the relation between RRV-TV and intussusception, except perhaps feeding with breast milk. The odds ratio for intussusception was substantially less among RRV-TV-vaccinated infants who were fed breast milk than among RRV-TV-vaccinated infants who were fed other types of milk or formula. Data from prelicensing trials with candidate rotavirus vaccines suggested that replication of RRV-TV is lower among breast-fed infants. 3, 17, 18 Age was not found to modify the effect of RRV-TV on the risk of intussusception, although the statistical power of our study may not have been sufficient to detect differences according to age.
Diagnostic biases or biases due to the availability of information could have affected the results if concern about intussusception had prompted earlier diagnosis in vaccinated infants than in unvaccinated infants or prompted diagnosis of less severe intussusception in vaccinated infants. This is unlikely, however, since the infants with intussusception in our study had a higher rate of surgery and bowel resection than the rates generally reported. [19] [20] [21] Moreover, medical providers did not appear to associate RRV-TV with intussusception. Almost half of the RRV-TV-vaccinated infants received another dose of RRV-TV after intussusception, and few of the cases of intussusception that occurred within 14 days after vaccination were reported to the Vaccine Adverse Event Reporting System until after the use of RRV-TV was suspended. 16 Our study period ended before the use of RRV-TV was suspended.
The pathogenesis of intussusception is not well understood, although an anatomical mass (in lymphatic or other tissue) and abnormal peristalsis have been proposed as contributing factors. 22 In our study, lymphoid hyperplasia was inconsistently noted among the infants with intussusception who underwent surgery. Results in a murine model of intussusception 23 and anecdotal reports have led to the suggestion that endotoxin and enterotoxins induce transient slowing of peristalsis. 24 Wild human rotaviruses, which are detected uncommonly in cases of intussusception, [25] [26] [27] elaborate an enterotoxin that has age-dependent and dose-dependent functions in humans. 28 In mice, the human rotavirus enterotoxin affects the secretion of fluid and electrolytes by activating the enteric nervous system, 29 which is also integral to peristalsis. 30 The actions of putative enterotoxins derived from strains in the RRV-TV or human strains of rotavirus 6, [31] [32] [33] [34] on the intestinal tract of infants may result in aberrations of peristalsis that affect the probability of intussusception.
Despite the significantly increased risk of intussusception associated with recent RRV-TV vaccination, the annual rate of hospitalization for intussusception attributable to RRV-TV vaccination in a U.S. program would be far lower than the rate of hospitalization attributable to the rotavirus gastroenteritis that is potentially preventable by such vaccination. 1, 35 Illness and death may result both from wild rotavirus disease and from intussusception related to RRV-TV 1 (and Zanardi LR: personal communication), although the net effect of a national program of vaccination with RRV-TV is not known.
In October 1999, the Advisory Committee on Immunization Practices withdrew its recommendation of RRV-TV. 36 Important considerations were the desire to limit harm and the perceived low level of severity of most rotavirus infections, since in the United States most complications can be prevented by oral rehydration. 37 The morbidity and mortality associated with rotavirus gastroenteritis are much greater in developing countries than in the United States. 2 Accordingly, the benefits and the risks of vaccination against rotavirus in developing countries will differ from those in the United States. 38 A better understanding of the pathogenesis of intussusception associated with RRV-TV may facilitate decisions regarding the use of RRV-TV in countries where the risk of death due to rotavirusrelated illness is high. Rotavirus vaccines with an improved safety profile are urgently needed.
